Origami structures are of great interest in microelectronics, soft actuators, mechanical metamaterials, and biomedical devices. Current methods of fabricating origami structures still have several limitations, such as complex material systems or tedious processing steps. We present a simple approach for creating three-dimensional (3D) origami structures by the frontal photopolymerization method, which can be easily implemented by using a commercial projector. The concept of our method is based on the volume shrinkage during photopolymerization. By adding photoabsorbers into the polymer resin, an attenuated light field is created and leads to a nonuniform curing along the thickness direction. The layer directly exposed to light cures faster than the next layer; this nonuniform curing degree leads to nonuniform curing-induced volume shrinkage. This further introduces a nonuniform stress field, which drives the film to bend toward the newly formed side. The degree of bending can be controlled by adjusting the gray scale and the irradiation time, an easy approach for creating origami structures. The behavior is examined both experimentally and theoretically. Two methods are also proposed to create different types of 3D origami structures.
INTRODUCTION
Three-dimensional (3D) origami structures are of great interest in microelectronics (1) , soft sensors and actuators (2) , mechanical metamaterials (3), and biomedical devices (4) . Over the past few years, different self-folding origami strategies were proposed, which have further broadened the potential application fields for origami structures. One popular approach is to use functional materials that have self-actuation behavior, such as thermal response (5, 6) , light activation (7) (8) (9) , and chemical sensitivity (10, 11) . These materials transform into different shapes under specific stimulus. Another common method of self-folding relies on the large volume change of polymers during swelling and deswelling. Complex 3D structures can be created through a spatial control over the swelling property (12, 13) . Some researchers have also introduced mechanical loads to guide the origami bending process, such as capillary force (14) , gas flow (15) , delamination-induced buckling (16) , and the deformation of the substrate (17) . However, several limitations still exist, such as complex material system or structure design, and relatively tedious fabrication process.
Frontal photopolymerization (FPP) (18, 19) is a process in which a polymer film is continuously cured from one side in a thick layer of liquid resin. In the presence of strong light attenuation, the solidification front initiates at the surface upon illumination and propagates toward the liquid side as the irradiation time increases. The process can be delicately tuned by controlling the illumination time and the light intensity, and the method has been used to fabricate microfluidic devices (20) and the synthesis of microparticles (21) .
Here, we show that, without cumbersome processing steps, origami structures can be created using the FPP method with conventional photocurable polymers, and the origami process is almost spontaneous instead of a response to external stimulus. Several other methods of light stimuli-responsive origami could be found in some recent reviews (22, 23) . The concept of our method is based on photopolymerization-induced volume shrinkage. During photopolymerization of the resin, the material volume decreases as a result of covalent bond formation between monomers and cross-linkers (24) . This behavior is commonly assumed to be undesirable in additive manufacturing (or 3D printing) (25, 26) , microfabrication (27) , and manufacturing of polymer composites (28) , because it causes shape distortion and internal stress. However, in FPP, the moving front of a cured region leads to a nonuniform volume shrinkage, which can be controlled and used to create bending structures and 3D origami shapes. The process is shown schematically in Fig. 1A , which is similar to a digital light processing (DLP) 3D printing approach (29) , where a light is projected upward from the bottom through a transparent substrate to cure the liquid resin. To control light penetration, we added photoabsorbers to induce an intensity gradient in the resin. Note that light intensity is continuous, but the mechanism of forming origami bending can be better explained by using the layer concept. Upon irradiation, the layer directly exposed to light will be cured immediately, whereas the resin adjacent to this layer, without sufficient illumination, still remains in the liquid state. As the front of liquid-solid transition propagates through the liquid resin, the thickness of the cured polymer film increases. Due to the presence of a light intensity gradient caused by the photoabsorber, volume shrinkage happens in a sequential manner. That is, early cured layer shrinks first, but because the connection between the cured material and the substrate is not fully established, there is not much internal stress developed and the first layer can be considered stress-free, whereas subsequently cured layer shrinks under the confinement of the early cured layer. The phenomenon is very similar to the shape distortion in layer-by-layer stereolithography (26) , but here, the sample is continuous instead of laminated. As a result, a nonuniform stress field develops across the sample's thickness, where the early cured layer (near the substrate) has a compressive stress and the newly cured layer has a tensile stress. At this moment, the sample has a tendency to bend toward the newly cured material. Because of the restriction from the substrate, the film has an internal stress gradient but remains flat in shape. Once the film is moved from the substrate, to release the internal stress, residual compressive stress drives the material to expand, whereas residual tensile stress drives the material to contract, and the sample bends toward the newly cured side. The bending curvature is related to several processing conditions, such as light intensity and illumination time. By imposing spatial control over the curing condition, complex 3D origami structures can be created. It should be noted that, compared with some recent published works on 3D shape formed by the DLP approach (30, 31) , the method in this paper has the advantage of the elimination of external stimulus.
RESULTS

Shrinkage-induced bending
The FPP process was proved by attenuated total reflection Fourier transform infrared (FT-IR) spectrum on the top and bottom surface of the samples cured by irradiation (light intensity, 5 mW cm −2 ) from the bottom. Experimental results summarized in fig. S1 show that (i) there is a significant gradient of photopolymerization degree across sample thickness and (ii) the front of photopolymerization transfers continuously with the irradiation time. Detailed discussions can be found in the Supplementary Materials. The curing property of acrylate resin was characterized by testing the photopolymerized thin films (0.05 mm) with different illumination times under a constant intensity of 5 mW cm −2 , and the results are also shown in the Supplementary Materials. As shown in fig. S2B , the Young's modulus of the sample increases nearly linearly with the normalized conversion degree ϕ of C=C double bonds. Note here that the fully cured resin does not pass its glass transition; therefore, the Young's modulus shows a nearly linear functions of degree of conversion; this relationship would become highly nonlinear once the glass transition is passed. Significant shrinkage strain around 5% occurred after solidification, and its variation became much milder as the reaction proceeded ( fig. S2C ). During FPP (for example, the continuous growth of a polymer film in fig. S2D ), the evolution of these two properties can be combined to control the development of the internal stress field.
To demonstrate the concept of shrinkage-induced bending, we cured polymer strips in a glass petri dish filled with liquid resin, where the light was projected upward from the bottom. Inspired by the antistiction effect from both residual oxygen inhibition (32) and pendent oligomers at the surface (33) of poly(dimethylsiloxane) (PDMS), we inserted a PDMS substrate to make sure that cured parts would not stick to the petri dish so that the sample could be easily removed. The process is shown schematically in Fig. 1B . After different periods of irradiation under various light intensities, the solidified strip was moved out of the liquid to measure its bending curvature. Figure 2A shows some selected samples that were cured under a light intensity of 5 mW cm . Under different intensities, the tendencies of time-dependent curvature reduction are nearly identical, but they differ in the decay speed. Figure 2B was redrawn in fig. S3 by changing axis x to the irradiation dose (irradiation time × incident light intensity). Results under different intensities coincide into a single curve, and this indicates that bending curvature is solely dependent on the incident energy dose during reaction.
For a comparison group, the PDMS substrate in the petri dish was removed, and then rectangular strips were cured in the same manner with an incident intensity of 5 mW cm −2 (Fig. 1C) . The results are shown by red open circles in Fig. 2B . In this case, the bottom material, which was cured the earliest, adhered to the substrate and could not shrink freely. After the part was cured and peeled off from the substrate, the bottom surface shrinks slightly to release internal stress. This tendency is in contrast to the fact that the bottom part is compressed during the sequential shrinkage process, and therefore, the overall bending curvature is reduced. Thus, the boundary condition at the interface between the substrate and the cured resin plays a key role in determining the shapechanging behaviors. The effect of the surface layer's confinement becomes negligible when the total thickness of the cured sample increases, because the overall stress gradient along the thickness direction governs the bending behavior.
The shrinkage-induced bending is described by a theoretical model based on beam theory (34) . During photopolymerization, samples are constrained by liquid resin. The out-plane rotation is restricted, and only in-plane stretching occurs. The mechanical behavior of films under illumination should be governed by force equilibrium along the thickness direction ∫~z ðtÞ 0 sdz ¼∫z
Here,z is the solidified thickness. The stress s is decided by s = Ee e = E(e − e s ), where E is the Young's modulus and e e , e, and e s are the elastic strain, the total strain, and the shrinkage strain, respectively. Both E and e s are dependent on the conversion degree ϕ of double bonds in the acrylate resin (details of the photopolymerization model can be found in the Supplementary Materials). The total strain e and shrinkage strain e s are set to zero if the conversion degree ϕ is below the gel point ϕ c . Note that the integral domain of Eq. 1 varies with time. Thus, it is solved incrementally by time intervals to obtain the value of e at different z and t.
When the solidified film is removed from the substrate, the constraint disappears, and the part will bend under its internal stress field. Both force equilibrium and moment equilibrium should be satisfied Here, the elastic strain is obtained by a superposition of bending and stretching (5)
where e b is the bending strain of the midplane at z =z/2, and k is the bending curvature. The value of e for in-plane stretching is obtained from the calculation of Eq. 1. Equation 2A and B can be solved as a whole to get the value of e b and k. Theoretical calculation results based on the model are shown in Fig.  2B in lines. The dependence of the curvature k on the irradiation time and the light intensity is captured well. Discrepancies between experiments and theoretical results may come from our rather simplified model, which may not be able to capture every detail of the complicated chemical-mechanical coupling during FPP. Nonetheless, this model can offer some insight into the deformation mechanism and help design. An interesting finding is that, as a result of more uniform intensity distribution and higher rate of thickness increase, the decrease of curvature with irradiation time is faster under a stronger incident light. This observation leads to a design concept wherein, by varying light intensity (or grayscale pattern) in a 2D illumination pattern, we can create thick stiff panels or soft thin bending parts: For the same light irradiation time, parts under high light intensity have high stiffness but less bending, and parts under low light intensity are relatively soft but with a sufficient bending curvature. When compared according to irradiation dose ( fig.  S3) , modeling results for different intensities also coincide into a single curve. This is an intrinsic feature of the model, because incident light intensity (I 0 ) and irradiation time (t) contribute equally in the reaction kinetics (eq. S3).
On the basis of Eq. 1 in the model, the evolution of the stress field for a sample cured under irradiation of 5 mW cm −2 is shown in Fig. 2C . The bottom layer that is cured first stays in a compressive state, whereas the top part is in tension. The absolute value of stress is higher in the bottom part, as a result of high modulus and accumulation of the sequential shrinkage. However, the overall curvature decreases with the ).
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increase of irradiation time. This is because the thickness and modulus of the cured sample become sufficiently larger to resist bending deformation; the slightly higher stress near the bottom layer is not enough to compensate the bending stiffness. As a result, when the irradiation time is long, the bending is actually small.
Origami structures created by one-side illumination
Using the shrinkage-induced bending in photopolymerization, we can create complex 3D structures from flat polymer sheets with programmed 2D light patterns. It should be pointed out that, if the polymer sheet is cured by illumination from the bottom, as we explained before, then it can only bend toward the top side. We will show first how to produce origami structures from this type of one-side illumination. With the projector, 2D light patterns with spatial control over intensity are created through variation of the gray scale. Low light intensity is used at those points, where significant bending is expected. For the table structure in Fig. 3 (A to D) , intensities were set to 15 and 3 mW cm −2 for the panel and legs, respectively. This was realized by creating figures with a spatial variation of gray scale (inset in Fig. 3A) . The correlation between the grayscale value and the light intensity was determined experimentally and can be found in fig. S4 . After a specific irradiation time (10 s for Fig. 3A) , as discussed before, the cured sheet remained flat on the substrate. Parts that were exposed to high intensity were thicker, and parts that were exposed to low intensity (for example, those legs in Fig. 3A) were relatively thinner. When the sample was removed from the liquid, those parts that were exposed to low intensity (legs in Fig. 3B ) bent toward the newly formed side as a result of nonuniform stress. Because the bending parts had a lower stiffness, this configuration was not stable. To fix the shape, we held the samples using tweezers and further cured them under a uniform light of 10 mW cm −2 for 20 to 30 s (Fig. 3C) , which stiffened the structure due to the marked increase of the modulus in the previously soft parts. After this post-curing, the sample became strong enough to support some weight. A table structure holding several glass coverslips (with a total weight of 1.1 g, which is about 13 times the weight of the table) is shown in Fig. 3D .
Much more elegant control over the light pattern produces structures with higher complexity. Flowers with different opening degrees are shown in Fig. 3E . These four flowers were all created using an irradiation period of 6 s. The illumination intensity of the central round panel was 10 mW cm −2 , and petal intensities were set to 2.5, 4, 6, and 7 mW cm . The sample that was illuminated with the lowest intensity shows the smallest opening angle. The round panel at the center was illuminated with a high intensity, and it remained flat in all four cases. A polymer sheet with continuous variation of bending curvature is shown in Fig. 3F . This structure was realized by illuminating a trapezoidal pattern with a gradient of gray scale for 4 s. The edge with the highest curvature was illuminated with the lowest intensity (2.5 mW cm −2 ), and intensity gradually increased to the other edge (to 10 mW cm −2 ). 3D bending structures were created by using a combination of flat panels and hinges bent toward one side. Some different types of polyhedron capsules are shown in Fig. 4 . To stabilize the bending process, we introduced extra panels in the light pattern. For example, to form the shape in Fig. 4A , we attached four more panels marked by a red "x" to the net pattern of octahedron in Fig. 4B . During the bending process, an extra panel overlapped on the top of a neighbor panel and thus stabilized the structure. The overlapped panels stuck together after postcuring of the residual resin at the surface.
Origami structures created by two-side illumination Structures presented in the previous section were created by polymer sheets bending toward one single side; thus, the freedom of design is limited. In this section, we show a modified method that is able to create more complex origami structures. The process is shown schematically in Fig. 5A . Liquid resin was injected into a flat mold confined by two glass slides; two PDMS anti-stiction layers were pasted on the inner sides of the glass slides to avoid adhesion of cured parts. On the basis of the FPP growth dynamics in fig. S2D and the evolution of curvature in Fig. 2B , the distance between the two PDMS slides was confined to 0.5 mm. In the first step, parts designed to bend toward direction 1 (indicated by number 1 in Fig. 5A ) were illuminated under low intensity from the bottom. After that, the whole structure was flipped over without in-plane movement of position. Then, parts designed to bend toward direction 2 (indicated by number 2 in Fig. 5A ) were illuminated in the same manner. By releasing the mold, the cured sheet bent toward the two different sides. In a real application, one can apply two light sources or use a light splitter to expedite the processing time. Two light patterns can be projected in sequence to realize this two-step illumination. The positions marked by 2 could be made black during the first illumination, and the positions marked by 1 could be made black during the second illumination, whereas plane panels could be irradiated in both steps. 3D origami structures produced by two-side illumination are presented in Fig. 5 (B to E) . Figure 5B shows a table with legs in two directions, created by illuminating the leg parts from two sides. The intersection points of different hinges were left as voids to facilitate the bending process. This is shown, for example, by the vertices in the Miura structure (Fig. 5C ) and the top of a pyramid tent (Fig. 5D) . Different intensities can be used for separate hinges to enrich the freedom of the origami. For the origami crane in Fig. 5E , an intensity of 2 mW cm −2 was used for the wing hinges, and a very low intensity of 1 mW cm −2 was used for the hinges of legs and tails.
A comparison between these two methods shows that they are suitable for different conditions. Although the second method of two-side illumination has the ability to create very complex structures, extra processing steps become inevitable, such as, for example, the preparation of a mold and the insertion of liquid resin. As for the one-side method, structures can be created by just shining a single pattern onto a liquid resin vat, but the degree of freedom of the origami is confined. Thus, if a structure can be designed simply by a combination of hinges turned toward one direction, then the one-side method is sufficient. The two-side illumination method becomes necessary when more delicate control over the origami is desired. Note that, in both methods, because the flat shapes were frontal photopolymerized with in-plane variations of incident light intensity, the final thickness may not be uniform everywhere.
CONCLUSION
We presented a method to create 3D origami structures from photocurable acrylate resin. The origami bending process is based on volume 
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shrinkage during the photopolymerization of liquid resin. When a polymer film is gradually photopolymerized from one side, the initially cured material shrinks freely to release internal stress, whereas newly cured material shrinks under the confinement of old material. A nonuniform stress field appears in the process, with a tendency to drive the film to bend toward the newly formed side. This behavior was investigated in detail through systematic experiments. We found that the bending curvature induced by sequential shrinkage decreases with both irradiation time and illumination light intensity. A simple theoretical model was developed to describe the buildup of internal stress and the evolution of bending curvature. On the basis of experiment, observation, and theoretical analysis, two separate methods were developed to create 3D origami structures. The first method, one-side illumination, is suitable for structures combined with parts bending toward one direction. The second method, which has a more delicate control over the bending process, can be used for structures with hinges bending toward two directions. These methods provide a new and simple route for creating origami-based metamaterials and the 2D-to-3D fabrication of electronic devices.
MATERIALS AND METHODS
The liquid resin used in this work was a mixture of 99.28 weight % (wt %) PEGDA [poly(ethylene glycol) (700) diacrylate; Sigma-Aldrich], 0.67 wt % photoinitiator Irgacure 819 [phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide; Sigma-Aldrich], and 0.05 wt % photoabsorber Sudan I (Sigma-Aldrich), which is the same as that used in 3D printing (35) . An ultraviolet (UV)-visible light projector (wavelength, 200 to 1000 nm; model D912HD, Vivitek USA; with the UV filter removed by B9Creations) was used as a light source. Light intensity was measured by a radiometer (IL1400A, International Light Technologies). To investigate the curing behavior of our resin, we used a component with the same ratio of PEGDA and photoinitiator as mentioned above, whereas the photoabsorber was removed. Films (0.05 mm thick) were cured between glass slides for different time periods with an irradiation intensity of 1.5 mW cm
. The material properties of the thin film were considered uniform due to limited light attenuation. The conversion of double bonds in the film was measured by FT-IR spectrum on an FT-IR spectrometer (Nicolet iS50, Thermo Scientific). The Young's modulus of ; body hinge intensity, 1 mW cm
; wing hinge intensity, 2 mW cm −2 ; irradiation time of each side, 15 s). Created by two-side illumination method.
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the film was measured on a dynamic mechanical analysis tester (Q800, TA Instruments). The mass density was obtained by a pycnometer (AccuPyc II 1340, Micromeritics), which can accurately measure the volume of a specific mass through gas displacement. For each irradiation time, the FT-IR test, the mechanical test, and the mass density test were conducted on a same batch of sample. To investigate the effect of curing time and intensity on shrinkage-induced bending, we performed another set of experiments by pouring liquid resin into a glass petri dish, with a 0.5-mm-thick layer of transparent PDMS (Sylgard 184, Dow Corning Corporation) as a substrate to preclude adhesion of cured parts. After that, a light pattern of a small rectangle was projected to the center of the resin from the bottom. The thickness and bending curvature of the cured rectangular strip were measured in ImageJ (36) as functions of illumination time and intensity. For the comparison group, the PDMS layer was removed so that the bottoms of the cured samples would stick to the glass substrate. The illumination condition was maintained by measuring the light intensity at the top of an empty petri dish with or without the PDMS substrate.
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